ABSTRACT: Interest in conifer-broadleaf mixedwood forests has greatly increased due to continuous demand for hardwood products and a shift towards more biological or ecosystem-based management. In British Columbia, more than 30% of the productive forest land is a conifer-broadleaf mixture and current forest regulations are more conifer biased rather than maintaining a mixed-species condition. The aim of this study was to examine the impact of paper birch on white spruce growth. Spruce growth data from 10 to 18 years old complex stands indicate that radial, height, and stem volume was not impacted by retaining up to 3,000 stems·ha -1 of birch. Similarly, growth and yield model projections suggest spruce-birch stands would be more productive up to a threshold birch density (3,000 stems·ha -1 ) than pure spruce stands. At a 4% real interest rate, the removal of birch from these stands does not appear to be warranted as an investment. The results suggest that instead of encouraging uniform broadleaf removal across conifer plantations, mixed species management strategies could enhance the forest productivity, stand diversity and resilience.
JOURNAL OF FOREST SCIENCE, 58, 2012 (7): 314-327 Boreal mixedwood forests are ecologically and economically important ecosystems in northern Canada as they demonstrate greater resource heterogeneity, complexity and higher biodiversity than most pure species stands (Taylor et al. 2000; Martin, Gower 2006) . Mixed species management has been historically associated with lower stand yields. In part, this is due to a legacy of ambiguous reports (Mard 1996) . As a result, intensive vegetation control has been justified to enhance conifer productivity (Lavender et al. 1990; Wagner et al. 2006) . However, ecosystem management of mixedwood stands is favoured as it focuses on the conservation of all seral stages (Bergeron et al. 1999) . Such a coarse filter approach conserves forest structure at the landscape level to help maintain diversity. In addition to maintaining biodiversity, mixedwood stands yield a greater wood volume than a single-species stand (Man, Lieffers 1999) and may enhance stand resistance to wind damage, disease (Baleshta et al. 2005) , insect outbreaks (Taylor et al. 1996; Simard et al. 2004) , and site nutrient imbalance (Richards et al. 2010 ). Moreover, a mixed forest condition (complex forest) is better able to deal with the uncertainty of future stand development and environmental (Gayer 1886 , page 5) risk as well as having potential economic advantages and managerial flexibility (Knoke 2008; Newsome et al. 2010) .
Generally in British Columbia (BC) forest managers are forced by regulation to measure a regenerating plantation's performance against pure conifer stands where all deciduous vegetation is treated as a competitor (Forest and Range Practices Act of BC 1996; Simard, Vyse 2006) . Therefore in early stand development most broadleaved species [e.g. (Comeau et al. 2000) . Generally this practice has been consistently applied across Canada regardless of stand age or species composition. Forest managers are always facing challenges when managing the forests as the decision-making process needs to address environmental, social and economic issues using adequate decision support tools to model and test sustainable management of forest resources. Intensive forest management activities require the forest industry to spend large amounts of money for future economic gain. Therefore it is important for managers to be able to predict with relative accuracy the effect of management practices on tree and stand productivity. Several tree and stand growth models have been developed as decision support tools to help forest managers in this quest. Among the numerous growth and yield models that have been developed, the Lakes States version of TWIGS (The Woodsman's Ideal Growth Projection System; Miner et al. 1988) and TIPSY (Table Interpolation Program for Stand Yields; Mitchell et al. 1992) were used in this investigation to predict future yield and economic return.
How much birch (Betula
Furthermore to develop effective management strategies for mixed species stands where softwood timber production is the primary objective, silviculturists require information about levels of broadleaves that can be retained without critically affecting conifer performance. They also require practical ways of using this information to develop cost-effective treatment prescriptions. The goal of this research was to increase our level of understanding about the (i) interactions between conifers (spruce) and associated broadleaf competition (paper birch) and (ii) to project the effect of different birch densities on spruce growth and long-term productivity by using the different growth and yield models.
MATeRiAl AnD MeTHoDS

Sites
The study sites are located in north-eastern BC within the Fort Nelson forest district. The area lies in the moist, warm sub-zone of the Boreal White and Black Spruce (BWBSmw2) biogeoclimatic zone (DeLong et al. 1990) . Snow can occur throughout the year, but the wettest period is the summer between May and September. Mean annual precipitation is 330-570 mm and about 35-55% falls as snow. The mean annual temperature is -1.4°C with 106 frost-free days and the ground freezes deeply for a large part of the year. Soils are well to poorly drained with a wide range of soil types Cumulic Regosols, Organic Cryosols and Luvic Gleysols. The investigated stands have a significant birch component and white spruce (Picea glauca (Moench) Voss) was the target crop tree.
Sampling
In total, eight mixed forest stands were randomly selected and they had to have at least five hectares (Table 1) . Given the difficulty of establishing spruce plantations in the Fort Nelson area, all stands were subject to an aerial application of the herbicide glyphosate at a rate of 6 l.ha -1 (Vision = contains about 35.6% glyphosate) approximately two years post planting, as a means of vegetation control.
Single tree temporary sample plots (TSP) were established based on the nearest individual method (Kent, Coker 1992) . A systematic grid point was established on every stand at a 100 meter interval and the closest undamaged spruce tree was selected as a target tree for each grid-point (by BC regulation 1,000 stems·ha -1 are recommended density for target species). Sample trees were free of defects and taller than 1.37 m. Defects may have been induced by pathogens or insects and reduced growth would not be due to competition (stand density). Based on the target tree a temporary sample plot (TSP) with 1.78 m radius (10 m 2 ) was established. Several birch specific density classes 1,000, 2,000, 3,000, 5,000, and 6,000 stems·ha -1 including control (no birch) were selected by plots to investigate the impact on spruce growth. All spruces and birches within the plot taller than 1.30 m were measured. Height and diameter at breast height (DBH) for birch and total height, height to live crown, crown width, DBH, and age (using tree cores at DBH) for spruce were measured.
Height to diameter ratio (HDR) is an alternative competition index used to determine the competition between birch and spruce. This competition index was widely used in northern British Columbia to determine the vigour and 'free growing' status of crop trees, especially young lodgepole pine (Pinus contorta Dougl.) and spruce (Opio et al. 2000) . The HDR was calculated individually for each target tree by dividing the height of the tree by its DBH. Depending on the stand, 10-15 sample plots per specific density classes were established in each stand. In total 622 sample plots were established across the eight sites. From each sample plot, the target tree (spruce) and birch stems were sampled. The stems were cut into cookies (cross-sectional discs) at 0 m, 0.5 m, 1.0 m, 1.3 m, 1.5, 2.0 m etc. in the field. In the laboratory, the annual rings of each cookie were counted to determine tree age at each height. The cookies were scanned to file for future reference.
Statistical analysis
All statistical analyses were based on the pooled data and visual tests for normality of data distribution were done using histograms with normal smoothing curves. Initially data were analysed using linear regression modules to predict the impact of birch on spruce growth. However regression analysis showed that birch stems per plot were a poor predictor of spruce basal area per plot when all data were pooled or individual single stand was considered (Table 2 and Fig. 1 ). The relationships were better when pooled class data were used instead of raw data and class data showed variation among the different stand groups and in no instance did the regression account for 60% of the variation (Table 2 ). Therefore GLM analysis was done for each stand group where birch stem density and basal area classes were used as independent variables and different spruce variables as dependent variables. Spruce DBH (cm), stem volume (m 3 ) and HDR were used as the primary indicators of birch competition on crop tree performance. Total broadleaf basal area per plot was assigned from 0 to ≥ 9.0 (m 2 .ha -1 ) with 0.5 m 2 interval classes. Comparisons were made among sites and within sites. In this investigation 8 stands were converted to five different forest groups based on stand age (Table 1) .
After the overall GLM analysis, a sequential analysis for each of the density or basal area classes was carried out to determine the density threshold that no longer significantly affected DBH, HDR or stem volume. Threshold levels were identified using a ceiling function which described the upper boundary of the data and enveloped at least 95% of the observations (Burton 1993 ). All statistical analyses were carried out using SYSTAT ® v. 12.
Growth and Yield Models
TWIGS is a spatial growth and yield simulation program developed by the US Forest Service (Miner et al. 1988) . It is useful for forest managers in making silviculture and forest planning decisions because its output is based on actual tree lists developed from permanent sample plot data. This program represents the complex stand growth on the basis of its projections of tree lists, annual diameter increment and stand site index. Although we did not use long-term re-measurement data to evaluate the performance of this model, TWIGS was extensively validated by Lacerte et al. (2004) at higher latitudes in Ontario and the performance was consistent with other studies where long-term re-measurement data were not used (Payandeh, Huynh 1991; Payandeh, Papadopo 1994) . This model projection also provided confident prediction in boreal-northern forest transition of the Lakes States: MN, WI, MI Upper Peninsula (Miner et al. 1988 ). All those findings made us optimistic to apply this model in our ongoing study and validation of TWIGS can be done when long-term re-measurement data will be available in the near ] were used based on TSP result. The characteristics of the better site are well drained and nutritionally rich. Similarly five tree lists with nominal birch densities of 500, 2,000, 3,000, 5,000 and 8,600 stems·ha -1 each with 1,000 stems·ha -1 of spruce were projected for the better site (SI 50 = 21.4 m).
TIPSY (Table Interpolation Program for Stand Yields) is a spatial growth and yield model which enables timber supply analysts to predict future volumes for a variety of harvesting patterns and silvicultural regimes ranging from clear-cutting to variable retention (Mitchell et al. 1992) . This model projection can be easily calibrated with the BC online database system which contains more than 15,000 permanent sample plots or 548 managed stand yield tables across BC (Lucca 1999 , http://www.for.gov.bc.ca/hre/gymodels/TIPSY/ index.htm). In our study, the yield information in TIPSY was calibrated with the BC online database system for more accurate prediction.
Growth from zero to 120 years in a managed stand can be predicted by this model if the stand is growing in a relatively pest-free environment (Mitchell et al. 1992) . TIPSY is the standard single species stand (monoculture) growth and yield Birch density class (000 stem·ha -1 )
model for BC and was used to do projections on both sites [SI 50 = 15 m (poor site) and SI 50 = 21.4 m (better site)] in this study. For the TIPSY projection, a stand was treated as a pure spruce stand with all birch trees removed. All projections were done 100 years into the future at 10 year intervals and short-term annual projections were also done for the better site. The TIPSY model projections were also based on annual diameter increments of the crop trees. Future values of several growth and yield scenarios were determined using an aerial herbicide application at a cost of 500 USD·ha -1 , real interest rates of 2, 4 or 6%, and spruce revenues of 40, 60 or 80 USD·m -3 . Potential revenue from birch was ignored due to the poor market value in BC. The scenarios were as follows: (a) TWIGS all broadleaves removed (base case), 
ReSUlTS
DBH, stem volume and height to diameter (HDR) responses
Based on the density and basal area, DBH showed different responses among the groups (Fig. 2) . Neither density class nor basal area class was significant in explaining the DBH response for all groups (Table 3) . Based on the GLM analysis a non-significant threshold density was determined for each stand group. The threshold density for groups 2, 4, and 5 was < 3,000 stems·ha -1 while it was < 6,000 stems·ha -1 for groups 1 and 3 (Table 3) . A similar result was found for stem volume in relation to density and basal area for all groups (Table 4) .
The threshold response for stem volume by groups was similar to the DBH response (Tables 3 and 4) .
The result showed that the HDR was generally greater in stand groups 1, 2 and 3 with the exception of group 4 at < 3,000 stems·ha -1 class Density only shown where the GLM changes from significant to non-significant (P = 0.05). The threshold level was identified using a ceiling function which described the upper boundary of the data and enveloped at least 95% of the observations (Burton 1993) Group 5 0 1,000 2,000 3,000 4,000 5,000 6,000
Density class (stem·ha -1 ) Fig. 3 . Mean (± SEM) height to diameter ratio (HDR) by density class for each stand group Density only shown where the GLM changes from significant to non-significant (P = 0.05). The threshold level was identified using a ceiling function which described the upper boundary of the data and enveloped at least 95% of the observations (Burton 1993) Density only shown where the GLM changes from significant to non-significant (P = 0.05). The thresholds level was identified using a ceiling function which described the upper boundary of the data and enveloped at least 95% of the observations (Burton 1993) Fig. 4 . Plantation height over age curves for spruce grown at different birch density (Fig. 3) . HDR response to birch density was inconsistent, for some groups it increased and for other groups it decreased with increasing birch density. Neither density class nor basal area class was significant in explaining the HDR response for all groups except in group 1 where density class was significant ( Table 5 ). The threshold for group 5 was < 6,000 stems·ha -1 . Further density class reductions did not improve the result for this stand group. The density thresholds were larger for HDR than for DBH for groups 2, 4 and 5 (Tables  2 and 4) . 
Height over age curves
Spruce height over tree age curves were variable with respect to birch density (Fig. 4) . Spruce height growth was generally greater than that of birch (not presented) and the tallest spruce was from a higher density while some of the shorter spruce trees were from both low and high density plots. Even though birch started height growth later, it often surpassed the height growth of the spruce crop tree by the time of initial TSP measurements.
Growth and yield models prediction
At both SI 50 of 21.4 and 15.0, the TWIGS projection suggests spruce yields will increase with increased birch density (Fig. 5) . When all the birches were removed at the highest and lowest densities for SI 50 of 21.4, the projection indicated spruce yield would be significantly lower without birch (Fig. 5a ). The spruce yield at economic rotation on the better site was about 500 m 3 for the higher birch densities. On the poorer site it was 420 m 3 for 500 birches per ha and about 320 m 3 when all the birches were removed (Fig. 5b) . The TIPSY yield projection at a stand age of 65 to 70 years for a pure spruce stand was similar to the TWIGS projection of the pure spruce stand (data not presented). TWIGS DBH projections over the next decade suggest DBH will converge among density regimes: there will be small density-induced changes in spruce mean DBH (Fig. 6) . The TWIGS DBH projections are increasing at a greater rate and are diverging from the TIPSY DBH projection for a pure spruce stand at the better site (SI 50 = 21.4).
TWIGS future value projections assume no vegetation removal at any point in future, as a result, there are no costs incurred, only revenues generated at harvest (Table 6 ). These do not change regardless of interest rate. In TIPSY, both better (SI 50 = 21.4) and poor (SI 50 =15 m) site projections assume the vegetation control. TIPSY future value decreased with increased interest rate and increased with increased revenue for the wood (Table 6) . Economic rotation ages decreased with increased interest rates for the TIPSY projection. At 2% real interest, TIPSY better site had the best future value in the years 2064 and 2074 followed by TWIGS base (all broadleaves removed) and TWIGS-80% (80% broadleaves removed), respectively. Based on 4 and 6% real interest, TWIGS better site showed the best future value among the scenarios whereas TIPSY poor site represented the worst future value of all scenarios (Table 6) .
DiSCUSSion
Diameter at breast height is an excellent response variable for competition studies because interspecific competition affects diameter growth more than it affects height growth (Jobidon 2000; Valkonen, Ruuska 2003; Newsome et al. 2010) . Radial development is an integrative index of tree physiological responses to environmental variation (Misson et al. 2003) , and it is the first energy sink to be abandoned when growth is challenged (Oliver, Larson 1996) . The TSP data suggest there is a density threshold above which DBH is negatively impacted. The density threshold varies according to the stand group (Table 3) . If a non-conservative approach is taken, the threshold could be equal to or greater than 5,000 stems·ha -1 (Table 3) . However, this must be tempered because of the relatively small sample size for the five stand groups, approximately 300 TSP. With a conservative approach, the density threshold is still far greater (~ 3,000 stems·ha -1 ) than 1,000 stems·ha -1 of paper birch allowed in the current guidelines (BC Ministry of Forests 2000). The TWIGS projections also suggest there is a minimal impact on future yield throughout the projected time frame when birch densities are higher than current free to grow guidelines (1,000 stems·ha -1 ). The data also suggest TWIGS has utility in north-eastern BC because an earlier TWIGS model projection has been validated for boreal-northern forest transition (Miner et al. 1988) .
Not surprisingly, mean stem volume followed a similar trend to DBH with respect to density thresholds (Table 4) . However, the density threshold affecting HDR was large compared to the other metrics (Table 5 ). This is of interest as HDR can be used in BC to determine a stand's candidacy for a free to grow declaration if it exceeds density (stems·ha -1 ) guidelines (BC Ministry of Forests 2000). For the most part, even at 0 stem·ha -1 birch density, the HDR exceeds what is considered to be optimal for spruce in the central BC interior (Opio et al. 2000) . These observations also support the hypothesis that birch at the observed densities does not appear to be deleterious for spruce growth.
There is a low relationship between spruce height growth over tree age and birch density (Fig. 4) . The poorest height growth was seen at 3,000 stems per ha while the best was observed at 5,000 and 7,000 stems·ha -1 with the 0 stem·ha -1 or standard operational treatment being intermediate. Generally, the birch is taller than the spruce even though the block was treated with herbicide after the spruce was planted. However, spruce height appears to generally be 'keeping up' with birch height growth without any negative influence on DBH. Spruce DBH growth was greater than that of birch. This supports the observations of Frivold and Frank (2002) Simardand and Vyse (2006) that the competitive effects of birch likely diminish as the stand ages. Further, Legare et al. (2004) reported that black spruce DBH and height were greater when grown with aspen up to a threshold basal area of about 40% of the stand basal area. They also concluded that broadleaf stand components should not only be viewed as tolerable but also in some cases as beneficial. Whereas a negative relation with birch density was reported by Simard and Hannam (2000) , according to them the birch density reduction from 2,500 to 50 stems·ha -1 significantly increased the conifer growth.
The TWIGS projection showed increased spruce yield with increasing birch density up to a certain density (Fig. 5) . This might be due to the effect of interspecific competition between these two species. Simard (1990) reported that paper birch density up to 2,100 stems·ha -1 had a low effect on conifer growth. While in another study Simard et al. (2001) reported that a birch density up to 4,400 stems·ha -1 had a low impact on Douglas-fir growth in 10 to 15 years old stands. Looking at DBH projections, the results indicate DBH is also increasing at a greater rate than the projected pure spruce stand at SI 50 = 21.4 (Fig. 6 ). These findings are also supported by observations in the central BC interior (Hawkins, Dhar 2011) and in the southern BC interior mixedwood forest Simard, Vyse 2006) . Some other investigations also reported that mixedwood stands showed greater productivity than single species stands (Man, Lieffers 1999; Legare et al. 2004; Kelty 2006 ). This also lends confidence to the TWIGS projection even though the version used was for the boreal-northern forest transition of the Lakes States (Miner et al. 1988 ) and higher latitude Ontario Canada (Payandeh, Papadopol 1994; Lacerte et al. 2004 ).
Short-term DBH projections for spruce in TWIGS suggest up to a certain density level, paper birch competition will have a low impact over the next decade. This will be verified by follow-up measurements as well as establishment of controlled experiments. The latter is an important step as species response gradients may be confounded with environmental gradients (Garber, Maguire 2005) . On the other hand, the TIPSY projections for a pure spruce stand indicate lesser DBH growth throughout the projection period. However, further validation is required for accurate projection of the TWIGS model in this area. Moreover we also suggest that forest managers and practitioners need caution when use our results in the field due to potential limitations of the model projection. It is also mentionable that the main objective of our study was to anticipate the gross effects of treatments in birch spruce mixedwood stands.
Future value
The overall reasonable real interest rate used was 4.0%. The rate was based on a survey of a range of conservative Canadian Mutual Funds' (stocks, bonds, T-Bill, index, energy) performance over the past 20 years: after inflation was taken into account, the return was about 3.9%. However, only at a 2% real interest rate for brushing any of the stands proves to be a good investment (Table 6 ). At 4 and 6%, the best future values, regardless of wood re-venue (value), were found at the better site in the TWIGS projection. This suggests that the brushing of these stand types does not enhance stand commercial value and it may detract from biodiversity values. The money allocated to such brushing activities would be better used for other management activities.
ConClUSionS
From our study it appears that a single early broadcast brushing might be sufficient to ensure the survival and future growth of spruce-birch stands in the Fort Nelson forest district. Model projections, field data, and economic analysis also suggest a second brushing may not be warranted at paper birch densities at or below 3,000 stems·ha -1 for these stands. Considering potential savings with a targeted brushing program, a higher broadleaf component could be financially advantageous in addition to the noted biological benefits. In another study Hawkins et al. (2012) reported that broadcast brushing did not remove all birches and suggested a move away from broadcast vegetation control to spot control, where warranted, could result in better tree growth, improved forest health and structural diversity. Therefore the inclusion of other broadleaf species in these complex processes may have more beneficial effects on spruce growth. Conversely, spruce growth may be negatively impacted when all broadleaf species are removed from the stand. Therefore further steps should be made to investigate more at the site level to determine whether target trees of particular sites can accommodate higher densities of broadleaf species. This knowledge will provide the framework for more diverse provincial policies regarding the maintenance of mixedwood species composition.
